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Summary  Wind  produces  three  different  types  of  effects  on  structure:  static,  dynamic  and
aerodynamic.  When  the  structure  deﬂects  in  response  to  wind  load  then  the  dynamic  and  aero-
dynamic  effects  should  be  analysed.  The  basic  mode  of  an  articulated  tower  is  the  motion
characterized  by  rigid  body  sway  compliant  with  a  relatively  high  natural  period.  The  higher
modes of  oscillation  have  smaller  periods,  and  their  inﬂuence  is  rather  insigniﬁcant  in  the
overall platform  motion.  Since  the  wind  velocity  spectrum  of  the  ﬂuctuating  component  has
lower frequency  energy  content,  the  wind  induced  vibration  of  an  articulated  tower  may  be
signiﬁcant.  The  wind  induced  overturning  moment  increases  linearly  with  the  height  of  the
structure, and  thus,  as  these  structures  are  built  in  deep  and  deeper  water,  the  effects  of  wind
drag then  become  increasingly  signiﬁcant  in  design.  To  approach  towards  the  realistic  environ-
ment, the  dynamic  analysis  of  double-hinged  articulated  tower  under  the  action  of  wind,  waves
and current  has  been  carried  out.  The  wave  forces  with  the  interaction  of  current  have  been
computed  by  the  application  of  Stokes’  ﬁfth  order  nonlinear  wave  theory.  The  sea  state  with
respect to  wind  speed  of  25  m/s  (Hs  =  18.03  m,  Tz  =  13.59  s)  has  been  considered  and  standard
wind velocity  spectrum  Ahsan  Kareem  has  been  used  for  the  dynamic  analysis.  The  Pierson
Moskowitz  sea  surface  elevation  spectrum  has  been  used  to  model  the  random  wave  loads.  The
responses  have  been  obtained  under  multi-point  wind  ﬁeld.  The  study  shows  that  energy  con-
tent under  combined  action  of  wave  and  wind  forces  is  more  than  energy  derived  under  wave
alone forces.  Results  also  show  that  upper  hinge  is  more  dynamically  active  than  lower  hinge
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Introduction
rticulated  tower  (Fig.  4)  is  one  of  the  compliant  struc-
ures  that  are  economically  attractive  especially  as  loading
nd  mooring  terminal  to  deep  water  is  concerned.  These
owers  are  light  in  weight  than  conventional  ﬁxed  towers.
he  tower  does  not  resist  forces  due  to  wind,  waves  and
urrents,  rather,  these  forces  are  countered  by  a  large  buoy-
ncy  force.  Wind  loads  contribute  signiﬁcantly  to  the  overall
esign  loads  for  articulated  loading  platform  (ALP).  Wind
ffects  on  these  platforms  consist  of  a  mean  and  a  ﬂuctu-
ting  component.  The  mean  wind  effects  result  from  mean
ind  force  that  can  be  computed  from  the  mean  wind  veloc-
ty  and  an  aerodynamic  force  coefﬁcient.  The  ﬂuctuating
omponent  results  from  the  buffeting  action  of  wind  gusts
r  ﬂow  induces  effects.  The  compliant  behaviour  of  arti-
ulated  loading  platforms  in  the  horizontal  plane  increases
heir  sensitivity  to  dynamic  effects  of  wind,  which  contain
 signiﬁcant  level  of  energy  in  low  frequency  range  that
akes  them  susceptible  to  dynamic  effects  of  wind.  This
eads  to  a  relative  increase  in  the  overall  sensitivity  and
trength  requirements  of  compliant  structures  to  wind  loads
ompared  to  those  of  conventional  ﬁxed  structures.  Kareem
1985)  studied  the  surge  response  statistics  of  TLP  under
ind  and  wave  loads  and  concluded  that  the  results  obtained
n  terms  of  TLP  response  spectra  and  cumulants  are  in  good
greement  with  simulation  results.  Kareem  (1987)  studied
he  aerodynamic  loads  on  a  typical  tension  leg  platform
nd  conclude  that  current  classiﬁcation  society  procedures
ased  on  projected  area  approach  tend  to  overestimate
orce  and  moment  coefﬁcients.  Islam  et  al.  (2009)  studied
he  responses  of  single  and  double-hinged  articulated  tow-
rs  and  compared  them  under  various  ocean  environments.
he  authors  concluded  that  studies  of  wind  effects  are  found
o  be  vital  for  double-hinged  articulated  towers  to  survive
n  the  hostile  offshore  environment.  Keeping  in  view  that
ery  less  literature  work  is  available  on  articulated  load-
ng  platform  with  the  use  of  Stokes’  non-linear  wave  theory,
he  present  study  includes  the  response  of  double  pendulum
ower  under  the  inﬂuence  of  wave,  wind  and  current  with
he  application  of  Stokes  Vth  order  nonlinear  wave  theory.
ynamic analysis of double-hinged articulated
ower
he  Lagrangian  approach  has  been  adopted  in  the  present
tudy  for  the  nonlinear  dynamic  formulation  of  double-
inged  articulated  tower.  The  modiﬁed  Morison’s  equation
as  been  used  for  the  computation  of  wave  forces  on  sub-
erged  part  of  the  tower,  which  properly  takes  into  account
t
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hat  wind  forces  do  not  practically  affect  the  bending  moment,
by  the  second  mode  of  frequency;  however,  the  other  response
nt,  hinge  rotation  and  hinge  shear  were  affected  in  signiﬁcant
forces.
H.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
enses/by-nc-nd/4.0/).
he  relative  motion  of  structure  and  water.  The  water  parti-
le  velocity  and  acceleration  are  calculated  by  Stokes’  ﬁfth
rder  nonlinear  wave  theory.  The  time  domain  Houbolt  inte-
ration  scheme  has  been  employed  to  take  into  account  all
he  non-linearities  in  the  system.
athematical  model
he  mathematical  model  is  important  for  the  analysis
nd  design  of  the  structure.  In  the  present  study,  a
ouble-hinged  articulated  loading  tower  is  mathematically
odelled  as  inverted  double  pendulum  comprising  of  two
inges  equipped  with  buoyancy  chambers  to  upright  the
ower  (Fig.  4).  It  consists  of  a  ballast  chamber  attached  to
he  lower  column  of  length  L1 near  the  bottom.  The  lower
olumn  is  attached  to  the  sea  bed  through  a  universal  joint
t  the  base  and  the  upper  part  of  the  structure  consists  of  a
uoyancy  chamber  attached  to  the  upper  column  of  length
2 near  the  sea  water  level  (SWL).  The  upper  column  is  con-
ected  to  the  lower  column  by  an  intermediate  hinge.  The
eck  and  other  attachments  are  provided  on  the  top  of  the
urface  piercing  cylinder  above  sea  water  level.
rticulated tower under wind, waves and
urrents
cean  in  itself  is  of  very  complex  nature,  and  for  the  sensible
esign  of  articulated  tower,  analysis  under  random  sea  is
mperative.  To  obtain  more  realistic  behaviour  of  articulated
ower,  it  is  essential  to  perform  nondeterministic  random
ibration  analysis  in  time  domain  with  the  incorporation  of
arious  nonlinearities.  The  drag  and  inertia  forces  on  the
ubmerged  part  of  the  tower  are  determined  with  the  help
f  time  histories.  The  force  per  unit  length  at  ith  location
f  cylinder  is  as  follows:
i(t)
=
[

4
D2wCm(u¨ − x¨) + 12wDCd(u˙ − x˙ + uc)|u˙ − x˙ + uc| +

4
D2wx¨
]
(1)
omputation  of  time  histories
n  the  present  study,  Stokes’  ﬁfth  order  nonlinear  wave
heory  has  been  employed  for  the  computation  of  wave
orces.  The  time  histories  of  water  particle  velocity  and
cceleration  according  to  Stokes’  ﬁfth  order  nonlinear
ave  theory  employed  by  superposition  will  be  as  follows
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Figure  1  Time  history  for  deck  displacement.
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EDouble-hinged  articulated  tower  under  aerodynamic  loading
(Dawson,  1983):
u˙(x,  t)  =
M∑
i=1
ωi
ki
5∑
n=1
Gn
cosh(nkiz)
sinh(nki(d  +  ) cos  n(kix  −  ωit  +  i)
(2)
v˙(x,  t)  =
M∑
i=1
ωi
ki
5∑
n=1
Gn
sinh(nkiz)
sinh(nki(d  +  ) sin  n(kix  −  ωit +  i)
(3)
u¨(x,  t)  =
M∑
i=1
kic
2
si
2
5∑
n=1
Rn sin  n(kix  −  ωit +  i)  (4)
v¨(x,  t)  =
M∑
i=1
−kic2si
2
5∑
n=1
Sn cos  n(kix  −  ωit  +  i)  (5)
Computation  of  aerodynamic  forces
The  wind  force  acting  on  the  double-hinged  articulated  load-
ing  platform  is  the  sum  of  the  wind  forces  acting  on  its
individual  parts.  It  is  understood  that  for  any  part  such  as
deck  house,  the  wind  force  arises  from  viscous  drag  of  the  air
on  the  body  and  from  the  difference  in  pressure  on  the  wind-
ward  and  leeward  sides.  The  wind  induced  force  commonly
known  as  drag  force  acting  on  the  structure  i.e.,  platform
can  be  evaluated  by  applying  the  following  fundamental
equation  of  drag  force  in  aerodynamics:
FD(t)  = 12CDAU
2(t)  (6)
where    =  air  density,  CD =  drag  coefﬁcient,  A  =  projected
area  of  platform,  U(t)  =  incident  wind  speed.
FD(t)  = 12CDA(U¯  +  Uf (t))
2
(7)
= 1
2
CDAU¯
2 +  CDAU¯Uf (t)2 + 12CDAUf (t)|Uf (t)|  (8)
The  spectral  description  for  wind  over  the  water  derived  by
Kareem  is  given  as  follows:
fSu(f)
u2∗
= An
(1  +  Bn)5/3 (9)
F
m
[
Table  1  Responses  under  wave  alone  forces.
Response  parameter  RMS  value  Maximum
Deck  displacement  (m)  2.23  6.31  
Lower hinge  rotation  (rad)  2.19  ×  10−3 7.07  ×  10
Upper  hinge  rotation  (rad)  9.64  ×  10−3 2.62  ×  10
Base  hinge  shear  (N)  1.80  ×  107 6.20  ×  10
Upper  hinge  shear  (N)  1.81  ×  107 6.20  ×  10
Bending  moment  (N  m)  1.83  ×  1010 6.70  ×  10Figure  2  PSD  for  deck  displacement.
here  Su(f)  =  single  sided  spectral  density,  f  =  frequency  in
z,  n  =  reduced  frequency
fz
U¯
quation  of  motion
or  the  combined  wind  wave  loading,  the  equation  of
otion,  in  structural  coordinates,  takes  the  form  as  follows:
M](x¨)  +  [C](x˙)  +  K(x)  =  F(t)  =  Fh(t)  +  Fw(t)  (10)
 Minimum  Mean  S.D.
−7.94  −0.35  2.20
−3 −7.94  ×  10−3 −3.17  ×  10−4 2.17  ×  10−3
−2 −3.80  ×  10−2 −1.26  ×  10−3 9.56  ×  10−3
7 −6.30  ×  107 −4.76  ×  105 1.80  ×  107
7 −6.30  ×  107 −5.19  ×  105 1.81  ×  107
10 −7.60  ×  1010 −2.76  ×  109 1.81  ×  1010
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Table  2  Responses  under  (wave  +  wind)  forces.
Response  parameter  RMS  value  Maximum  Minimum  Mean  S.D.
Deck  displacement  (m)  7.85  14.50  0.55  7.55  2.12
Lower hinge  rotation  (rad)  8.93  ×  10−3 1.67  ×  10−2 6.72  ×  10−4 8.54  ×  10−3 2.60  ×  10−3
Upper  hinge  rotation  (rad)  2.67  ×  10−2 5.60  ×  10−2 −7.12  ×  10−3 2.50  ×  10−2 9.54  ×  10−3
Base  hinge  shear  (N)  2.45  ×  107 8.40  ×  107 −5.60  ×  107 1.67  ×  107 1.78  ×  107
Upper  hinge  shear  (N) 2.46  ×  107 8.40  ×  107 −5.60  ×  107 1.68  ×  107 1.79  ×  107
Bending  moment  (N  m) 4.52  ×  1010 1.50  ×  1011 −4.70  ×  1010 3.99  ×  1010 2.12  ×  1010
where  [M]  is  the  time  invariant  diagonal  mass  matrix.  The
mass  matrix  consisting  of  elements  due  to  both  structural
and  hydrodynamic  forces.  In  the  submerged  portion  of  the
tower,  the  effect  of  added  mass  up  to  mean  sea  level  is
taken  in  [M].  [K]  is  generated  by  directly  assembling  the
stiffness  matrix  for  the  elements  each  having  two  degrees
of  freedom.  [C]  is  assumed  as  a  linear  combination  of  [M]  and
[K].  The  right  hand  side  consists  of  Fh(t)  and  Fw(t).  The  Fh(t)
is  the  hydrodynamic  load  due  to  wave  and  current  computed
as  per  the  Stokes’  ﬁfth  order  nonlinear  wave  theory.  Fw(t)
is  the  wind  load  acting  on  the  exposed  portion  of  tower  and
platform.
Numerical study
The  numerical  study  has  been  carried  out  by  wave  forces
generated  by  correlated  winds  with  current  force.  A double-
hinged  articulated  tower  of  500  m  height  in  water  depth
450  m  has  been  considered.  The  statistical  characteristics  of
tower  are  listed  in  Table  3.  The  study  has  been  carried  for
the  sea  state  Hs  =  18.03  m  and  Tz  =  13.59  sec  (w.r.t.  25  m/sec
wind  speed)  with  2.0  m/s  current  force.  The  Ahsan  Kareem
wind  spectrum  has  been  used  for  the  dynamic  analysis.  The
Table  3  Geometrical  properties  of  articulated  tower.
Parameter  Value
Water  depth,  WD  450  m
Height of  bottom  tower,  L1 300  m
Height of  top  tower,  L2 200  m
Structural  mass  of  top  tower  2.0  ×  104 kg/m
Structural  mass  of  bottom  tower  2.0  ×  104 kg/m
Mass of  ballast  44.84  ×  103 kg/m
Deck mass,  md 2.5  ×  106 kg
Position  of  buoyancy  chamber  from
mid  hinge,  PBC
110  m
Tower’s  shaft
Effective  drag  diameter  21.5  m
Effective  diameter  for  buoyancy  9.5  m
Effective  diameter  for  inertia  5.75  m
Effective  diameter  for  added  mass  5.75  m
Buoyancy  chamber
Effective  drag  diameter 25  m
Effective  diameter  for  buoyancy 24.5  m
Effective  diameter  for  inertia  9.5  m
Effective  diameter  for  added  mass  9.5  m
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FFigure  3  PSD  for  bending  moment.
tudy  of  platform  has  been  observed  under  multi-point  wind
eld.  The  sea  state  is  simulated  for  the  duration  of  one
our  and  the  simulated  length  excludes  the  initial  transient
tage.  The  equivalent  area  of  ALP  has  been  taken  as  1560  m2Fig.  5).  The  coefﬁcient  of  drag  and  density  of  air  has  been
aken  as  1.81  and  1.27  kg/m3,  respectively.
igure  4  Articulated  tower  under  the  action  of  wind  force.
Double-hinged  articulated  tower  under  aerodynamic  loading  
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Kareem, A., 1985. Wind induced response analysis of tension leg
platforms. J. Struct. Eng. ASCE 111 (1), 37—55.Figure  5  Elevation  of  articulated  tower  platform.
Results and discussion
The  platform  for  double-hinged  articulated  tower  with  the
consideration  of  various  nonlinearities  and  response  sub-
jected  to  wind-induced  random  wave  loadings  with  current
force  has  been  presented.  The  results  have  been  presented
in  the  form  of  statistical  tables,  time  history  and  PSD.
The  response  under  wave  alone  forces  (Table  1) is
observed;  the  rms  value  and  maximum  value  for  deck
displacement  are  signiﬁcantly  lesser  than  observed  under
wave  +  wind  (Table  2),  which  clearly  shows  that  wind
increases  the  response  value  in  signiﬁcant  manner.  However,
maximum  value  under  wave  +  wind  is  130%  more  than  wave
alone  response  (Figs.  1  and  2).
The  study  also  shows  that  rotation  for  upper  hinge  is  more
than  lower  hinge.  The  maximum  value  of  upper  hinge  rota-
tion  is  found  as  3.35  times  of  lower  hinge  rotation.  However,
the  lower  hinge  rotation  response  under  wave  +  wind  case
is  136%  more  of  wave  alone  case  and  likewise  upper  hinge
rotation  response  under  wave  +  wind  case  is  114%  more  of
wave  alone  case,  which  clearly  shows  that  due  to  wind  the
response  increased  signiﬁcantly.It  is  seen  that  the  upper  hinge  shear  is  more  than  the  base
hinge  shear.  The  statistical  Tables  1  and  2  show  that  the  max-
imum  value  of  base  and  upper  hinge  shear  for  wave  +  wind
case  is  35.5%  more  than  the  wave  alone  case.
K221
The  study  has  been  carried  out  further  for  bending
oment  response  at  node  located  at  208.69  m  from  base
inge.  The  wave  wind  results  were  compared  with  wave
lone  results  as  per  Tables  1  and  2;  it  has  been  found  that  the
aximum  value  under  wave  +  wind  case  is  2.24  times  of  wave
lone  case.  It  is  observed  that  second  mode  of  frequency
ontributes  signiﬁcantly  to  the  bending  moment  response  of
he  articulated  tower  (Fig.  3).
onclusions
onlinear  dynamic  analysis  of  double-hinged  articulated
ower  platform  has  been  done  in  time  domain.  The  wave
orces  have  been  computed  as  per  the  Stokes’  ﬁfth  order
onlinear  wave  theory  and  wind  forces  by  Ahsan  Kareem
ind  spectrum.  The  study  arrived  at  the  following  conclu-
ions:
.  It  has  been  observed  that  energy  content  under  combined
action  wave  wind  forces  is  more  than  the  energy  derived
under  wave  alone  forces.
.  The  upper  hinge  was  found  more  dynamically  active  in
comparison  to  lower  hinge.  The  rotation  and  shear  have
been  found  more  for  upper  hinge.
.  It  has  been  noted  from  the  energy  content  under  power
spectral  density  function  that  wind  forces  does  not
practically  affect  the  bending  moment  which  is  pre-
dominantly  governed  by  the  second  mode  of  frequency.
However,  the  other  response  parameters  like  deck  dis-
placement,  hinge  rotation  and  hinge  shear  were  found
affected  in  signiﬁcant  manner  under  the  action  of  wind
forces.
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